Galectin-1 is an anti-inflammatory lectin with pleiotropic regulatory functions at the crossroads of innate and adaptive immunity. It is expressed in immune privileged sites and is implicated in establishing maternal-fetal immune tolerance, which is essential for successful pregnancy in eutherian mammals. Here, we show conserved placental localization of galectin-1 in primates and its predominant expression in maternal decidua. Phylogenetic footprinting and shadowing unveil conserved cis motifs, including an estrogen responsive element in the 5 promoter of LGALS1, that were gained during the emergence of placental mammals and could account for sex steroid regulation of LGALS1 expression, thus providing additional evidence for the role of galectin-1 in immuneendocrine cross-talk. Maximum parsimony and maximum likelihood analyses of 27 publicly available vertebrate and seven newly sequenced primate LGALS1 coding sequences reveal that intense purifying selection has been acting on residues in the carbohydrate recognition domain and dimerization interface that are involved in immune functions. Parsimony-and codon model-based phylogenetic analysis of coding sequences show that amino acid replacements occurred in early mammalian evolution on key residues, including gain of cysteines, which regulate immune functions by redox status-mediated conformational changes that disable sugar binding and dimerization, and that the acquired immunoregulatory functions of galectin-1 then became highly conserved in eutherian lineages, suggesting the emergence of hormonal and redox regulation of galectin-1 in placental mammals may be implicated in maternal-fetal immune tolerance.
Galectin-1 is an anti-inflammatory lectin with pleiotropic regulatory functions at the crossroads of innate and adaptive immunity. It is expressed in immune privileged sites and is implicated in establishing maternal-fetal immune tolerance, which is essential for successful pregnancy in eutherian mammals. Here, we show conserved placental localization of galectin-1 in primates and its predominant expression in maternal decidua. Phylogenetic footprinting and shadowing unveil conserved cis motifs, including an estrogen responsive element in the 5 promoter of LGALS1, that were gained during the emergence of placental mammals and could account for sex steroid regulation of LGALS1 expression, thus providing additional evidence for the role of galectin-1 in immuneendocrine cross-talk. Maximum parsimony and maximum likelihood analyses of 27 publicly available vertebrate and seven newly sequenced primate LGALS1 coding sequences reveal that intense purifying selection has been acting on residues in the carbohydrate recognition domain and dimerization interface that are involved in immune functions. Parsimony-and codon model-based phylogenetic analysis of coding sequences show that amino acid replacements occurred in early mammalian evolution on key residues, including gain of cysteines, which regulate immune functions by redox status-mediated conformational changes that disable sugar binding and dimerization, and that the acquired immunoregulatory functions of galectin-1 then became highly conserved in eutherian lineages, suggesting the emergence of hormonal and redox regulation of galectin-1 in placental mammals may be implicated in maternal-fetal immune tolerance.
decidua ͉ estrogen ͉ glycocode ͉ immune-endocrine cross-talk ͉ pregnancy T he success of mammalian pregnancy, in which the developing fetus and mother exchange nutrients, gases, and other molecules via the chorioallantoic placenta, requires maternal immune tolerance to fetal allo-antigens (1) (2) (3) (4) . This tolerance presumably prevents the occurrence of exaggerated inflammation at the implantation site and reduces the danger of destructive immune attacks on the fetus, a danger that the first mammals with an invasive placenta would have faced (5, 6) . It seems likely that mechanisms for immune tolerance to invasive placentation were already functioning in the early placental mammals and that immunoregulatory molecules, which had existed before the mammalian placenta evolved, were incorporated in this tolerance and have undergone evolutionary modifications coincident with the emergence of the mammalian placenta. Here, we present evidence that such modifications occurred in a key immunoregulatory molecule, galectin-1.
Molecules that have been implicated in conferring maternalfetal immune tolerance include galectin-1, B7 proteins, Crry, Fas ligand, HLA-G, indoleamine 2,3-dioxygenase, and killer cell immunoglobulin-like receptors (2) (3) (4) (7) (8) (9) (10) (11) . These proteins are involved in pathways regulating adaptive or innate immune responses at the maternal-fetal interface, and their disruption may lead to pregnancy complications, such as miscarriage, fetal loss, and preeclampsia (2, (8) (9) (10) (11) (12) . Galectin-1 is a member of a conserved lectin family that regulates immune responses by deciphering the high-density glycocode of cell surface glycans (13) (14) (15) (16) . Galectin-1 triggers apoptosis of activated T cells and suppresses T cell-mediated autoimmune diseases, such as collagen-induced arthritis in mice (17, 18) . Its up-regulation in tumors correlates with poor clinical outcome, possibly because galectin-1 reduces the survival of tumor resident T cells and promotes tumor immune escape (19) . In addition, galectin-1 has been implicated in transplantation tolerance because it diminishes morbidity and mortality of graft-versus-host disease in a mouse allogeneic bone marrow transplantation model (20) .
Galectin-1 is up-regulated in uterine natural killer cells and is a key moderator of regulatory T cell functions (21, 22) . A recent study reported that galectin-1 induces the generation of tolerogenic dendritic cells and regulatory T cells in mice, and the knockout of LGALS1 led to a higher rate of fetal loss in allogeneic mating (9) . Additionally, this study found that galectin-1 is involved in immune-endocrine cross-talk, maternal decidual expression of galectin-1 is regulated by progesterone, and galectin-1 increases progesterone concentrations, suggesting its central role in the maintenance of pregnancy. Moreover, estrogen also regulates uterine LGALS1 expression in mice and humans (23, 24) .
In light of these findings, we examined the molecular evolution of LGALS1 coding sequences and regulatory elements in a wide range of mammals and outgroup vertebrates. We also determined LGALS1's placental expression pattern in the main clades of primates. The analysis of the data focused on testing the hypothesis that galectin-1 would show functionally significant evolutionary modifications early in placental mammalian phylogeny and then would be highly conserved in the descendent mammalian species. The experimental and inferential evidence presented herein indicate that indeed functionally important changes likely involved in the emergence of maternal-fetal immune tolerance were gained and then conserved in placental mammals.
Results

Galectin-1 Expression in Placentas and
Membranes. Galectin-1 is abundantly expressed by the placenta and the extraembryonic membranes ( Fig. 1 A-C) ; however, its highest expression was detected in maternal decidual stromal cells (Fig. 1C) . Indeed, LGALS1 expression was 3.6 fold higher in membranes containing decidua than in placentas of the same patients (P Ͻ 0.002; Fig. 1D ). We detected a similar immunostaining pattern of galectin-1 in a Cercopithecus nictitans (Old World monkey) and an Ateles fusciceps (New World monkey) placenta [taxon names are listed in supporting information (SI) Dataset S1]. Trophoblasts and stromal cells were also galectin-1-immunopositive in a Varecia variegata (strepsirrhine primate) placenta. The strongest galectin-1 staining was detected in decidual cells in the basal plates of these placentas (Fig. 2) . In agreement, in silico analysis of 298 human tissues and cell lines represented in the SAGE Genie database revealed that LGALS1 is most abundantly expressed in the endometrium (Dataset S2).
Conservation of the LGALS1 Gene. Multiple sequence alignment of 27 publicly available vertebrate LGALS1 sequences plus primate sequences determined by the present study (Dataset S1) showed that LGALS1 has a conserved 4-exon structure in all investigated taxa. The coding sequences including indels spans 408 bp; the lengths of the coding regions in the aligned exons were 9 bp, 80 bp, 172 bp, and 147 bp, respectively. The Pan troglodytes, Pongo abelii, and Rattus norvegicus promoter sequences and the Callithrix jacchus, Microcebus murinus, Tupaia belangeri, Sorex araneus, Felis catus, Monodelphis domestica, Xenopus tropicalis, and Ambystoma mexicanum coding sequences were briefly disrupted by Ns, probably as a result of assembly gaps and/or sequencing errors. The individual Macaca mulatta sequence we obtained differs from the draft genome sequence by a synonymous and non-synonymous difference in nucleotide positions 78 and 79, resulting in a codon for Asp instead of Tyr. Pair-wise p-distance comparison and phylogenetic shadowing of the 2-kb 5Ј promoters and first exons revealed the highest conservation in the proximal 500 bp in 12 investigated vertebrates ( Fig. 3 and Dataset S3).
Conserved cis Elements in the 5
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LGALS1 expression was 3.6-fold higher in the membranes including maternal decidua (n ϭ 6) than in placentas (n ϭ 6) of the same patients. Boxes represent medians and interquartile ranges, whereas whiskers represent the most extreme data points. vertebrates as well as an overlapping consensus Inr, an adjacent SP1 motif, and an alternative transcriptional start site in nine placental mammals (Fig. 3) . Phylogenetic analysis of 12 vertebrates reveals 32 gains and five losses of cis elements (Fig. S1 ). The stem of placental mammals gained 10 cis elements, including a highly conserved activator protein (AP)-4, a half estrogen response element (ERE), an overlapping nuclear transcription factor (NF)-Y, and an adjacent AP-2 binding motif. There were six gains and one loss of cis elements on the primate stem ( Fig.  S1 and Dataset S4). There were significantly more cis element gains and losses per million years of evolutionary time on the placental versus the therian stem (Fisher's exact test, P ϭ 0.009).
Phylogenetic History of Galectin-1 Coding Sequences. The phylogenetic tree from 34 coding nucleotide sequences was inconsistent with vertebrate phylogeny. The eight most parsimonious trees each have a length of 1,061 steps (Fig. S2) . In contrast, the presumed phylogenetic species tree has a length of 1,090 steps and is a significantly worse fit for the data (Kishino-Hasagawa test, P ϭ 0.005; Templeton test, P ϭ 0.013). These differences suggest a complex pattern of LGALS1 evolution with the possibility of independent gene gains and losses on different lineages. Therefore, we used both gene and species trees for reconstructing character evolution and for examining the effects of natural selection.
In the 3 model, varies among placental mammals, the placental stem lineage, and outgroups. Codeml reconstructed 19 non-synonymous and 70.5 synonymous substitutions on the placental stem lineage. However, this model is not significantly better ( 1 2 test, P ϭ 0.868) than the 2 model, in which non-placental mammals (including the placental stem) have a different ratio than placental mammals as the crown group. Thus, the protein as a whole was under intense purifying selection throughout tetrapod evolution (Dataset S5). Comparison of chicken and human LGALS1 coding sequences demonstrate stronger purifying selection (k A /k S ϭ 0.0042) than humanchicken orthologous genes as a whole on micro-and macrochromosomes (median k A /k S ϭ 0.052 and 0.073, respectively) (25) .
In contrast to purifying selection, there is evidence for adaptive evolution on the stem of placental mammals. Using the gene tree, the likelihood ratio in the branch-site test was significant ( 1 2 test, P ϭ 0.035); when the species tree was used, the 1 2 had a P value of 0.05 (Dataset S6). On the placental stem, 85% of the codons experienced purifying selection ( ϭ 0.069), 11% belonged to the neutral class, and 4% showed evidence for positive selection ( ϭ 29.6). Parsimony reconstructions of ancestral states of inferred amino acids resulted in 407 inferred amino acid replacements, from which those on the stem placental lineage are indicated in Fig. 4A . Residues and their Bayes-empirical Bayes posterior probabilities, detected as being positively selected on the stem placental lineage, are as follows: Arg-20, Ser-62, and Val-84 (Fig. 4 A and B , and Dataset S6).
Conserved Functional Domains. In all 34 investigated taxa, the translation start site and the stop codon are in the same positions in exons 1 and 4, respectively. Eighteen percent of the residues (24 of 134) are strictly conserved in the 34 vertebrates studied, 56% (75 of 134) in 28 mammals, and 81% (108 of 134) in 14 primates. Six of eight residues involved in carbohydrate binding are conserved in 100% of the analyzed taxa, the exceptions being conservative replacements for Val-59 in X. tropicalis, Xenopus laevis, and Otolemur garnetti, and for Arg-73 in X. tropicalis. Of the five residues in the growth-inhibitory domain, two are identical in all investigated species, and the remaining are at least 87% identical. Seven of the nine residues at the N-and C-termini that create the hydrophobic core for the dimerization are 100% conserved in placental mammals, with 96% and 78% conservation of the two additional residues, respectively (Fig. S3) .
Substitutions with Impact on Functional Regulation. Among the parsimony reconstructions (i.e., ACCTRAN and DELTRAN) and maximum likelihood (ML) reconstructions of ancestral states on the species tree, several functionally important replacements occurred in which derived cysteines would have resulted LGALS1 directs the transcription of two distinct-length mRNAs encoding for the same protein in humans and mice, and the transcription initiation for both transcripts is mediated by the Inr, TATA box, and SP1 binding site, the latter of which is crucial for the basal LGALS1 expression (35) (36) (37) (38) . From the conserved cis elements (AP-2, yellow boxes; AP-4, black boxes, CAAT box-binding protein, white boxes; CAC-binding protein, gray boxes; C/EBP-␣, pink boxes; c-ETS-2, brown boxes; ERE, red boxes; HSF-1, orange boxes; NF-1, light blue boxes, NF-Y, dark blue boxes; and SP1, green boxes), 10 have been gained on the stem of placental mammals. Positions relative to the translational start codon are shown at the top. (B) Phylogenetic shadowing in nine placental mammals and (C) in 12 vertebrates demonstrates the extent of conservation of these cis elements. The x-axis shows the positions along the human promoter in the same scale as in A and the y-axis shows the percentage of difference in blue based on a 5-bp sliding window.
in the formation of disulfide bridges. According to all ancestral character state reconstruction methods, Cys-16, Cys-60, and Cys-88 were present at the time of the last common ancestor of tetrapods and have been conserved in nearly all descendant lineages. Cys-42 and Cys-132 emerged on either the stem mammalian lineage (ACCTRAN and ML) or the stem placental mammal lineage (DELTRAN). Finally, Cys-2 emerged on either the stem lineage leading to birds and mammals (parsimony) or was present at the time of the last common ancestor of tetrapods (ML). The emergence of Cys-42 and Cys-132 would have enabled the formation of disulfide bridges with Cys-2 and Cys-60, respectively, early in mammalian evolution (Fig. S3) . Of additional importance, amino acid positions involved in forming a subdomain juxtaposed with the dimerization interface (i.e., Arg-20, Glu-22, Val-84, Cys-130) were replaced on the stem lineage leading to placental mammals according to at least one method of reconstruction, and two of these residues (20 and 84) showed evidence of positive selection according to the conservative Bayes empirical Bayes procedure as applied to ML analysis. Additional residues that were replaced on this stem are shown in Fig. 4 .
Discussion
Galectin-1 is highly conserved throughout evolution (Dataset S5) and has a similar expression pattern in placentas and extraembryonic membranes in the investigated taxa. We identified phylogenetic footprints, including a half ERE, in highly conserved regions of the LGALS1 5Ј promoter that emerged on the stem of placental mammals and may be involved in the sex steroid regulation of its expression. Functional domains in galectin-1 are highly conserved among the investigated vertebrates, especially among extant placental mammals. Inferred amino acid replacements on the stem of placental mammals confer redox regulatory changes that have been maintained in all but one descendent species included in the study (Fig. S3) .
Galectin-1 and Maternal-Fetal Immune Tolerance. Mechanisms of vertebrate immune tolerance were presumably necessary to prevent self-attack during the emergence of the adaptive immune system (1, 26) . The presence of fetal allo-antigens at the maternal-fetal interface poses a challenge to the maternal immune system that generates the need for a specialized version of tolerance. Accumulating evidence suggests that several immunoregulatory molecules, including galectin-1, may have been incorporated by the placenta and uterine mucosa during mammalian evolution to confer this tolerance (2-4, 7-9, 11). Indeed, galectin-1 is abundantly expressed in human third trimester placentas and extraembryonic membranes (23, 24, (27) (28) (29) (30) (31) (32) (33) , and its up-regulation in the placenta in preeclampsia as well as in the extraembryonic membranes in chorioamnionitis (31-33) suggests a fetal contribution to anti-inflammatory responses.
The placental immunostaining pattern of galectin-1 is similar in all major primate groups. All investigated taxa had detectable immunoreactive galectin-1 in the syncytiotrophoblast on the fetal side of the interface, and it was strongly expressed in the decidua on the maternal side. These results are of importance in light of recent phylogenetic studies that demonstrated that the hemochorial placenta is the ancestral state in placental mammals (5, 6) , and that this invasive type of placentation would have placed great demands on the maternal immune system at early stages of mammalian evolution (2) . We found that the depth of the maternal-fetal interface (34) did not affect the selective constraint on galectin-1 and its placental and decidual expression pattern. This finding suggests that either the challenge to the maternal immune system by fetal allo-antigens may be similar in different types of placentation or that the functional constraint on LGALS1 results from its role in other tissues.
ERE May Participate in Regulation of Uterine/Placental
LGALS1 Expression. The finding that galectin-1 is most strongly expressed in decidua agrees that, among human tissues and cell lines,
LGALS1 expression is highest in non-pregnant endometrium (Dataset S2), as well as in uterine tissues of mice (23) . There is evidence that sex steroids regulate LGALS1 expression in human endometrium and in mouse uterine tissues during the menstrual and estrus cycles, as well as during decidualization in pregnancy (23, 24) .
Uterine LGALS1 expression increases as early as 6 h after treatment with 17␤-estradiol in ovariectomized mice and 12 h after treatment with progesterone; treatment with 17␤-estradiol rapidly increases uterine LGALS1 expression in progesteroneprimed endometrium (23) . These effects can be blocked by estrogen and progesterone receptor antagonists (9, 23), suggesting the involvement of these nuclear receptors in LGALS1 expression.
To examine the sex steroid regulation of LGALS1 expression, we attempted to find conserved cis elements in the LGALS1 promoter that could control this effect. Indeed, the stem of placental mammals underwent a gain of 10 cis elements, including a highly conserved half ERE, an overlapping NF-Y, and a nearby AP-2 motif, which were identified in humans and mice but functionally not yet characterized (35) (36) (37) . Estrogens act through estrogen receptors that are involved in the stimulation of uterine growth, progesterone receptor expression, and immunoregulation (39) . Only 71% of the functional EREs bear a consensus palindromic motif, whereas 25% have half-ERE; estrogen receptors can also be tethered to other nuclear proteins found in the LGALS1 promoter, such as SP1 (40) . Of note, NF-Y is enriched in promoters of genes induced by estrogen (41) , and AP-2 is also involved in estrogen-dependent transcriptional regulation (42) . Our data suggest that these cis motifs are candidate sites for the sex steroid regulation of LGALS1 expression at the maternal-fetal interface. We propose that the sex steroid regulation of galectin-1 function in immune tolerance (9) may have been gained via cis-regulatory evolution on the stem of placental mammals and that these elements have been preserved in all descendent placental lineages.
Highly Conserved Structure and Functional Domains of Galectin-1.
The ''jelly-roll'' structure of galectin-1 is highly conserved among vertebrates (13) (14) (15) (16) 43) . Residues crucial for sugar binding, growth inhibition, and dimerization were subject to strict purifying selection during vertebrate evolution: (i) eight residues in the carbohydrate recognition domain are identical in 31 taxa with only conservative replacements for Val-59 and Arg-73 in three species; thus, both the ability and specificity of galectin-1 to bind sugars have been maintained; (ii) sitedirected mutagenesis have shown that Asp-27-Phe-31 are crucial for the growth inhibitory function (44) . These five residues showed 87 to 100% conservation among the studied taxa, suggesting their functional importance; and (iii) seven of the nine residues comprising the hydrophobic core for the dimerization interface are 100% conserved among the studied placental mammals. As the integrity of the galectin-1 dimer depends on ␤-sheet interactions across the monomers (45), it is not surprising that the chicken CG-14, which has four radical replacements, is a monomer (46) . Based on its highly conserved dimerization and sugar-binding properties, we propose that the immunoregulatory functions of galectin-1 are conserved across vertebrates, in accord with our observation that intense purifying selection has been acting on galectin-1 (Dataset S5). When this finding is viewed in the light of embryonic, placental, and chorioamniotic expression of LGALS1 during mammalian development (23, 24, (27) (28) (29) (30) (31) (32) (33) , it provides support for a previous prediction (26) that genes expressed early in fetal development are under more selective constraint than those expressed only later in life.
Residues Under Selective Constraint Are Involved in Redox Regulation. Despite the purifying selection acting on galectin-1, evidence for adaptive evolution for key residues was found on the stem of placental mammals. The disjunct codon S-ϾS change at position 62 emphasizes the importance of this residue in sugar binding, as Ser-62 forms H-bonds with Arg-111 to maintain the architecture of the carbohydrate recognition domain (43) . The conservative L-ϾI change at position 128 suggests constraint on the hydrophobic nature of the dimerization interface (45) . Importantly, Cys-42 and Cys-130 emerged during mammalian evolution. It has been shown that substitution of cysteines with serines in galectin-1 moderately affects sugar binding activity under non-reducing conditions, whereas WT galectin-1 loses its sugar-binding capacity shortly under oxidating conditions (47) . Oxidation of these cysteines causes conformational changes that hinder lectin activity and dimerization of galectin-1 in humans, cows, and rats (43, (48) (49) (50) .
Cysteines are normally protected against oxidation by the reducing intracellular environment (51) . Oxidation of galectin-1 occurs upon cell surface externalization, and this causes galectin-1 to lose lectin activity (48) (49) (50) . Of note, Cys-130 is among the residues that emerged during mammalian evolution and is in a subdomain near the dimerization interface. It is possible that residues in this subdomain may be involved in the redox regulation of the dimerization of galectin-1; however, further functional experiments are needed to support this view.
Concluding Remarks. Our results support the hypothesis that molecules implicated in immune tolerance to invasive placentation adapted their immunoregulatory functions at the maternal-fetal interface during early eutherian evolution (1), and these adaptations have been conserved regardless of the degree of placental invasion. These results further support the proposal that the emergence of cis elements on the eutherian stem enabled the establishment of galectin-1 mediated immune tolerance at the maternal-fetal interface. Redox status mediated conformational changes in galectin-1 appear to be involved in the regulation of this tolerance. These features remain present in all placental mammals, suggesting their importance in the immunoregulation of pregnancy.
Materials and Methods
Placental specimens of six pregnant women were retrieved from the bank of biological samples of the Perinatology Research Branch. Fresh-frozen tissues were used for RNA isolation, quantification, or sequence analysis; formalinfixed tissues were applied for immunohistochemistry. Written informed consent was obtained from all women before the collection of samples, and the research was approved by the institutional review boards of the Eunice Kennedy Shriver National Institute of Child Health and Human Development and Wayne State University.
RNAlater-preserved placentas taken from Colobus guereza, C. nictitans, M. mulatta, Papio anubis, A. fusciceps, and V. variegata were used for RNA isolation, cDNA synthesis, and sequence analysis (Dataset S7). Formalin-fixed placentas from the same animals were used for immunohistochemistry.
Eight newly generated primate LGALS1 coding sequences were deposited into GenBank (Dataset S1). The evolutionary conservation of the 2-kb promoter regions and first exons of LGALS1 in 12 vertebrate species was examined by pair-wise p-distance comparison and phylogenetic shadowing. Phylogenetic footprinting and transcriptional element searches were applied to predict conserved cis motifs in these 12 promoters. Maximum parsimony and ML methods were used for phylogenetic analyses of 34 publicly available vertebrate or newly sequenced primate LGALS1 coding sequences. Parsimony and codon-model based methods were used to infer the amino acid replacements on the phylogenetic tree.
LGALS1 expression was quantified in H. sapiens placentas (n ϭ 6) and fetal membranes (n ϭ 6) containing maternal decidua by quantitative RT-PCR. In silico LGALS1 expression analysis was performed using publicly available data within the SAGE Genie database. Immunostaining was performed on H. sapiens, C. nictitans, A. fusciceps, and V. variegata placentas. Further details for all methods are described in the SI Text.
